[1] Variability in the strength of the stratospheric Lagrangian mean meridional or BrewerDobson circulation and horizontal mixing into the tropics over the past three decades are examined using observations of stratospheric mean age of air and ozone. We use a simple representation of the stratosphere, the tropical leaky pipe (TLP) model, guided by mean meridional circulation and horizontal mixing changes in several reanalyses data sets and chemistry climate model (CCM) simulations, to help elucidate reasons for the observed changes in stratospheric mean age and ozone. We find that the TLP model is able to accurately simulate multiyear variability in ozone following recent major volcanic eruptions and the early 2000s sea surface temperature changes, as well as the lasting impact on mean age of relatively short-term circulation perturbations. We also find that the best quantitative agreement with the observed mean age and ozone trends over the past three decades is found assuming a small strengthening of the mean circulation in the lower stratosphere, a moderate weakening of the mean circulation in the middle and upper stratosphere, and a moderate increase in the horizontal mixing into the tropics. The mean age trends are strongly sensitive to trends in the horizontal mixing into the tropics, and the uncertainty in the mixing trends causes uncertainty in the mean circulation trends.
Introduction
[2] Current coupled chemistry climate model (CCM) simulations consistently suggest that the strength of the stratospheric Lagrangian mean meridional or BrewerDobson circulation has increased in recent decades and will continue to increase in response to future climate change scenarios [e.g., Butchart et al., 2006; Li et al., 2008; Garcia and Randel, 2008; McLandress and Shepherd, 2009] . This simulated strengthening of the Brewer-Dobson circulation is partially due to the changes in the vertical temperature gradient between the troposphere and stratosphere with the troposphere warming and the stratosphere cooling, an important "fingerprint" of climate change [e.g., Shine et al., 2003; Shepherd and Jonsson, 2008] . A warming troposphere and cooling stratosphere causes the subtropical jet streams to strengthen, and this in turn affects the propagation and dissipation of waves in the stratosphere [e.g., Butchart et al., 2010] . These changes in wave propagation and dissipation as well as possible increases in tropospheric wave activity are the primary drivers of the simulated strengthening 1 of the Brewer-Dobson circulation [e.g., McLandress and Shepherd, 2009; Butchart et al., 2010] .
[3] However, exactly how the Brewer-Dobson circulation has actually changed over recent decades is somewhat uncertain due to a lack of sufficient observations. The strength of the mean meridional circulation is not a directly measureable quantity, so inferences in regards to temporal variations have to be made based on measurements of chemical species and temperatures. The best available observational evidence for changes in the Brewer-Dobson circulation in the last three decades has been largely confined to the lower stratosphere. This observational evidence primarily comes from temperature and ozone measurements, especially the microwave sounding unit channel 4 (MSU4) and the advanced microwave sounding unit channel 9 (AMSU9) temperatures (collectively called TLS for temperature lower stratosphere) [Mears and Wentz, 2009] and total ozone mapping spectrometer/solar backscatter ultraviolet (TOMS/SBUV) total ozone . TLS temperatures are weighted over a broad region of the lower stratosphere, with a peak at ∼70 hPa. Trends of the TLS temperatures are mostly negative in the tropics and positive in the extratropical winters [e.g., Randel et al., 2009] . This outof-phase relationship is suggestive of a change in circulation strength that is most noticeable in the winter seasons of each hemisphere. Total ozone, although a measure of ozone throughout the entire atmosphere, has been shown to have variability largely weighted by ozone changes in the lower stratosphere [e.g., Randel and Cobb, 1994; Thompson and Solomon, 2009] . Trends of total ozone are negative throughout the stratosphere, with some part of this trend due to polar photochemical ozone depletion. Total ozone variability is notoriously difficult to interpret due to the large range of photochemical lifetimes of ozone in the stratosphere. Many studies have interpreted various aspects of the time series of total ozone using regression and model analysis [e.g., Marsh and Garcia, 2007; Fleming et al., 2007; Lee and Smith, 2003; Hadjinicolaou et al., 2002] . But there is still not a consensus on what part of the variability is due to long-term changes in the BrewerDobson circulation. An empirical study by Hood and Soukharev [2005] , although focused only on the Northern Hemisphere (NH) midlatitudes, does suggest that up to roughly 25% of the negative total ozone trend in the NH midlatitudes is due to long-term changes in the BrewerDobson circulation. This contribution to the negative total ozone trend in midlatitudes is due to a decrease in EliassenPalm (EP) flux and thus an implied slowing of the Brewer-Dobson circulation and less downward advection of high-ozone mixing ratios to the lower stratosphere. A recent study by Thompson and Solomon [2009] made use of coincident variability in TOMS/SBUV total ozone and MSU4 temperatures to show that the residual temperature variability had cooling in the tropics and warming in the high latitudes, suggestive of a strengthening circulation in the lower stratosphere. In the tropical tropopause region, observed decreases in ozone mixing ratios [Randel and Wu, 2007] and cooling temperatures [Seidel et al., 2001] are also consistent with an increasing tropical upwelling in the Brewer-Dobson circulation. Most of this observational evidence is in support of an increase in the strength of the Brewer-Dobson circulation in the lower stratosphere, but there is no similar observational evidence in regards to the strength of the circulation in the middle and upper stratosphere.
[4] Along with the simulated change in the BrewerDobson circulation by CCMs is a simulated decrease in stratospheric mean age of air, which is an indicator of how long air has resided in the stratosphere [Austin and Li, 2006; Garcia et al., 2007; Lamarque et al., 2008; Oman et al., 2009] . The negative modeled mean age trend over the past three decades is present throughout the depth of the stratosphere due to the close connection between mean circulation strength and mean age of air in CCMs [e.g., Austin and Li, 2006] . The mean age of air is dependent on both the strength of the Brewer-Dobson circulation as well as mixing between the extratropics and tropics or the tropical recirculation of air [Waugh and Hall, 2002] . Mixing into the tropics from the midlatitudes has been shown to be important in determining tropical tracer mixing ratios such as water vapor [e.g., Mote et al., 1998 ], long-lived photolytic tracers [Volk et al., 1996] , and ozone [e.g., Konopka et al., 2009] . But the sensitivity of mixing between the midlatitudes and tropics on the mean age in models has not been studied extensively. Bacmeister et al. [1998] used a zonally averaged 2-D model to quantify the effect of mixing on mean age. They showed that mean ages were 1-2 years younger throughout most of the stratosphere when mixing was not present. They also showed that mean age values without including mixing were insensitive to changes in planetary wave forcing, whereas mean age with mixing increases in the presence of greater planetary wave forcing. A recent study by Strahan et al. [2009] demonstrates the importance of tropical recirculation to the simulation of polar chemical composition. The study compared two chemical transport models (CTM) to observationally derived age characteristics and polar trace gas distributions. Even though both the CTMs had reasonable mean vertical transport rates in the tropics, there was too little mixing from the midlatitudes into the tropics. This insufficient mixing was shown to cause polar chemical composition to be much different from that observed. The implication is that inadequate tropical recirculation has a global impact on the distribution of chemical species. Since mean age reveals information about two major transport characteristics of the stratosphere, it is clearly an important quantity to simulate accurately.
[5] Until recently, a long-term, observationally derived mean age data set had not been available. That changed with the publication by Engel et al. [2009] of a data set of observationally derived mean age of air over the last 30 years. These mean ages from Engel et al. [2009] were derived from SF 6 and CO 2 balloon measurements in the Northern Hemisphere midlatitude stratosphere in the 30-5 hPa region. This is higher in the stratosphere than the peak weighting altitudes of the ozone and temperature satellite observations mentioned above. But since the mean age is sensitive to circulation and mixing changes below the level considered, this mean age data set provides information about circulation and mixing changes throughout the depth of the stratosphere. Engel et al. [2009] calculated this mean age data set to have a positive trend of 0.24 ± 0.22 years/decade over the last 30 years. Error analysis on the trend showed that it is not statistically significant at the 90% confidence level, thus Engel et al. [2009] concluded that the mean age is essentially unchanged over the period of observations. Waugh [2009] calculated mean age trends of −0.05 to −0.20 years/decade from four CCMs over the same time period and averaged over the same region of the stratosphere as the Engel et al. [2009] observations. Although the observed mean age trends may not be statistically different at a high confidence level from some of the model trends, the different sign of the observed and modeled mean age trends points to a possible deficiency in modeled circulation and/or mixing trends.
[6] In this study, we use a simple representation of the stratosphere, the tropical leaky pipe (TLP) model [Neu and Plumb, 1999] , to show possible mean circulation and horizontal mixing changes that help explain the observed changes in mean age estimates and TOMS/SBUV total ozone. We use the TLP model since, although it is relatively simple, it does a reasonable job of representing mean age in the stratosphere [e.g., Hall and Waugh, 2000] and includes transport by the mean circulation as well as horizontal mixing between the midlatitudes and tropics. To help guide the TLP model simulations, we use mean circulation and mixing variability in several reanalysis data sets and we compare the output to that from an average of a number of CCMs. There are a number of interesting results from this analysis, including the simulation of ozone and mean age variability following transient events such as volcanoes and tropical SST changes, and the simulation of a positive mean age trend in the midlatitude midstratosphere even in the presence of a strengthening Brewer-Dobson circulation in the lower stratosphere. Perhaps the most significant result is the clear demonstration of the importance of changes in mixing between the midlatitudes and tropics in the determination of mean age variability throughout the stratosphere and how this may explain the discrepancy between the observed and simulated mean age trends.
Data
[7] The primary long-term stratospheric observations we use in the analysis are midlatitude stratospheric mean age of air derived from SF 6 and CO 2 balloon-borne measurements [Engel et al., 2009] and total column ozone measurements from the merged TOMS/SBUV data set Stolarski and Frith, 2006] . We also use Stratospheric Aerosol and Gas Experiment (SAGE) II ozone measurements [McCormick et al., 1989] to initialize the TLP model and the Randel and Wu [2007] ozone profile data set derived largely from SAGE I and II measurements to compare to some of the TLP model results.
[8] The stratospheric mean age of air data set spans the time period from 1975 to 2005 with a total of 33 calculated mean age values from 27 individual balloon flights [Engel et al., 2009] . Only flights in the 32°-51°N latitude range were included in the data set, and the mean ages were averaged from 30 to between 10 and 5 hPa, depending on the maximum level attained by each balloon. Mean age of air is roughly constant in the midlatitude stratosphere above 30 hPa [Engel et al., 2009] , so the different range of maximum levels above this should have little effect on the calculated mean ages. Uncertainty estimates by Engel et al. [2009] range from 0.78 to 1.45 years for the mean ages that range from 3.8 to 5.8 years. The relatively large uncertainties led to the result in Engel et al. [2009] that their calculated positive linear trend of 0.24 years/decade was not statistically significant at the 90% confidence level.
[9] The total uncertainty estimates are the sum of eight different sources of potential error with one of the largest being the representativeness of an individual profile. The other sources of error are due to uncertainties in surface emission data, fit to the tropospheric growth rate, the parameterization of the age spectrum, absolute measurement scales, the seasonality of transport into the stratosphere, the spatial representativeness of the tropospheric source data, and the reproducibility of the measurements. This profile representativeness error is due to the fact that there is a latitudinal gradient in mean age [Hall et al., 1999] , and thus, a single profile location may not represent the average midlatitude mean age. We have attempted to correct for this representativeness error by removing the slope of mean age as a function of equivalent latitude. This slope was estimated to be 0.25 years/10°latitude, which is consistent with the slope of previous measurement-based mean ages in the 30°N-55°N latitude range [Hall et al., 1999] . The equivalent latitudes of each measurement location were calculated using National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) Reanalysis output. With the mean age versus equivalent latitude slope removed, we conservatively reduced the mean age error by 0.15 years, which is half or less of the representativeness error values estimated by Engel et al. [2009] . The removal of this equivalent latitude variability does not affect the mean value of the trend.
[10] Total column ozone measurements from the merged total ozone mapping spectrometer/solar backscatter ultraviolet (TOMS/SBUV) data set are also used in this study. This data set combines most of the different TOMS and SBUV satellite measurements into one time series from 1979 to 2009 (http://code916.gsfc.nasa.gov/Data_ services/merged). The Randel and Wu [2007] stratospheric ozone profile data set uses SAGE I and II as well as polar ozonesonde measurements merged into a monthly mean time series from 1979 to 2005. Trends from this data set are useful to compare in at least a qualitative sense to the ozone trend profiles obtained from the TLP model. However, since the Randel and Wu [2007] data set does not extend a full 30 years and it is not as well validated as the TOMS/SBUV total ozone, we chose to make detailed comparisons of the TLP model output to the TOMS/SBUV total ozone.
[11] For long-term meteorology of the stratosphere, we use three reanalyses: the Japanese 25 year Reanalysis Project (JRA-25) [Onogi et al., 2007] , the ECMWF Reanalysis (ERA-40) [Uppala et al., 2005] , and the NCEP/NCAR Reanalysis 1 (NCEP) [Kalnay et al., 1996] . JRA-25 has higher resolution than either ERA-40 or NCEP, but we use all of them to help guide the inputs to the TLP model. JRA-25 and NCEP cover the period from 1979 to 2008, thereby effectively spanning the period of both the total ozone and mean age observations. ERA-40 covers the time period September 1957 to August 2002; NCEP starts in 1948. However, we only use output starting in 1979 when satellite temperatures were initially introduced for any trend analysis. We also use mean age of air and tropical upwelling output from the REF-B1 simulations of nine different chemistry climate models that participated in the Chemistry Climate Model Validation 2 (CCMVal-2) activity [Eyring et al., 2010] . The models included in this study were CMAM, GEOS CCM, MRI, Niwa-SOCOL, SOCOL, ULAQ, UMUKCA-METO, UMUKCA-UCAM, and WACCM (see Eyring et al. [2010] and Morgenstern et al. [2010] for model details). These models were selected due to the fact that all have both mean age and vertical velocities available in the CCMVal-2 data archive. The REF-B1 simulations covered the period from 1960 to 2006, and we only used model output after 1978 to calculate trends.
Tropical Leaky Pipe Model
[12] The TLP model was formulated by Neu and Plumb [1999] based on the original tropical pipe model of Plumb [1996] . The model is a set of three coupled 1-D equations, one for the tropics and one each for the northern and southern midlatitudes. The model is made "leaky" by including a term that allows mixing of air from the midlatitudes into the tropics to be consistent with observations of the tropical stratosphere [e.g., Volk et al., 1996; Mote et al., 1998 ]. The simple formulation of the TLP model is useful for examining largescale variability in the stratosphere without the complexity of full 2-D and 3-D models and allows us to directly test the impact of assumed changes in tropical upwelling and mixing parameterizations on stratospheric mean age and ozone trends.
[13] The tropical and midlatitude continuity equations of the TLP model are given by
where the subscripts T and M refer to the tropics and midlatitudes, respectively, q is a tracer mixing ratio, W is vertical velocity, K is the vertical diffusivity, H is a constant scale height (7 km), a ≡ M T /(2M M ) is the ratio of tropical to mid- Legras et al., 2003] . The tropical and midlatitude vertical velocities are related by a such that W M (Z) = −aW T (Z). The vertical coordinate Z is altitude above the tropopause, and the model was run with a vertical resolution of 1 km since higher vertical resolution did not affect the results.
[14] The vertical velocity W and the mixing time scale t were constrained by observationally based estimates of these quantities. We used annually averaged transport vertical velocities from a Transformed Eulerian Mean (TEM) residual circulation calculation described by Rosenlof [1995] and a t profile calculated from in situ photolytic tracer measurements [Volk et al., 2000] . The observationally based and modelbased tropical vertical velocity and t profiles, all averaged over the tropics from 20°S to 20°N, and the profiles used in the TLP model are shown in Figure 1 . The profiles used in the TLP model differ somewhat from the observationally and model-based profiles due to the need to have realistic profiles of ozone photochemical production and loss rates as described below. The reanalysis data sets do not necessarily accurately represent the stratospheric mean circulation [e.g., Monge-Sanz et al., 2007] , so we attempted to fit the TLP model upwelling most closely to the observationally based upwelling profiles. The model results discussed in this paper are robust to small changes in the initial vertical velocity and t profiles.
[15] We performed simulations for two different types of tracers, an age tracer and an ozone-like tracer. For the age tracer, S T = S M = 0, while for the ozone tracer we used photochemical production and loss rates from a 2-D model [Portmann et al., 1999] 
A temporally linearly growing age tracer was initialized at t = 0 and Z = 0 in the tropics and the age tracer profiles in the tropics and midlatitudes were subsequently allowed to evolve to steady state. The only boundary condition used was at Z = 0 in the tropics, which is the only place air enters into the stratosphere in this model. At this location at each time step the age tracer was set to the value of the linearly growing age tracer so that mean age always equaled zero at Z = 0 in the tropics. Each simulation was run for 30 years before any perturbations in the circulation were applied to allow the mean age profiles to reach a steady state for at least 10 years. The ozone tracer profiles in the model were initialized using annually averaged tropical and midlatitude SAGE II measurements [McCormick et al., Figure 1 . Profiles of (a) the tropical vertical velocity and (b) the midlatitude-to-tropics mixing time scale t used in the TLP model. The TEM Rosenlof vertical velocities are described by Rosenlof [1995] , and the JRA and ERA vertical velocities are from a TEM calculation of the residual mean circulation using those reanalysis data sets. The CCM profile is an average of the nine models described in section 2, with the standard deviation at each level shown by the light blueshaded region. The Rosenlof, JRA, ERA, and CCM vertical velocities are multiple year averages from 20°S to 20°N. The tracer-based vertical velocity and t values come from Volk et al. [2000] .
1989]. The model ozone profiles were identically matched to the SAGE II profiles by adjusting the vertical velocity and inmixing time scale t so that the photochemical term in equations (1) and (2) exactly balanced the advection and diffusion terms and the photochemical production and loss rate profiles closely matched the 2-D model profiles. As shown in Figure 1 , the adjustments made to W and t were within the error estimates of the observationally based profiles. As with the age tracer, the only boundary condition applied was at Z = 0 in the tropics where the ozone was set equal to the SAGE II tropical tropopause value at each time step. No other boundary conditions are necessary in the simulations performed for this study, since the goal was to allow the tracers to freely evolve in response to perturbations in the mean circulation and mixing.
[16] The tropical and midlatitude steady state profiles of the mean age of air and ozone tracer are shown in Figure 2 . The model mean age of air profiles very closely match the observed profiles from A. Engel et al. (personal communication) in both absolute values and shape. The current Engel et al. study is an extension of Engel et al. [2009] to include both the vertical and latitudinal distributions of observationally derived mean age of air. The sharp kink in the observed midlatitude mean age of air roughly 8 km above the tropopause is not reproduced by the model, but the model does show a change in vertical gradient between 8 and 10 km with a more gradual increase in mean age at higher altitudes. To compare the model output to the observed mean ages from Engel et al.
[2009], we averaged the model output from 15 to 25 km above the tropopause.
Observed Mean Age of Air and Total Ozone
[17] The time series of observed midlatitude mean age of air with the equivalent latitude adjustment described in section 2 is shown in Figure 3 . The slope of 0.24 ± 0.22 years/decade or 4.8% ± 4.5%/decade is the same as that calculated by Engel et al. [2009] . The uncertainty on the slope is mostly due to the uncertainties on the mean age estimates described in section 2. But the three low mean ages based on CO 2 measurements in 2001-2002 also make a significant contribution to the slope uncertainty and reduce the slope value. Two of the anomalously low CO 2 based mean ages have coincident SF 6 based mean ages that are over one year older and comparable to mean ages before and after this period. Since SF 6 has no significant change in growth rate during this period, there is no reason to suspect a problem in the SF 6 based mean ages. The reason for the low CO 2 based ages is uncertain but could be related to the SST-driven circulation changes that began in the year 2000 interacting with the seasonal cycle of CO 2 entering the stratosphere. Without these three points, the slope increases to 0.31 ± 0.22 years/decade, which is significant at the 90% confidence level. We chose to keep these three points in the time series since we have no conclusive reason to exclude them and thus use the lower value of the slope.
[18] It is interesting to note that some of the variability on time scales of 3-5 years, such as around 1985 and 1995, may be real and not due to errors in either the measurements or calculation of mean age (perhaps related to ENSO or other perturbations in the strength of the mean meridional circulation). In simulations of the TLP model (not shown), we found that several year increases in the middle and upper stratospheric mean circulation consistent with those seen in the JRA-25 residual circulation could explain some part of the decreases in observed mean age in the mid-1980s and 1990s.
[19] For the TOMS/SBUV total ozone, we use multiple linear regression to remove as much of the variability produced by known cycles and trends in order to attempt to isolate the part of the variability due to circulation changes. We use the 20°S-20°N average for the tropical time series and 30°-70°average in each hemisphere for the midlatitude time series and remove the seasonal cycle from each time series before performing the regression. We include in the regression two terms for the QBO (NCEP/NCAR Reanalysis tropical winds at 10 and 50 hPa), the solar cycle (10.7 mm radio flux), equivalent effective stratospheric chlorine (EESC) (from Newman et al. [2007] , 2 year mean age time series in tropics and 5 year mean age time series in midlatitudes), stratospheric aerosol from volcanoes [Deshler et al., 2006] and ENSO (NOAA multivariate index lagged 6 months, only in the tropics ).
[20] Figure 4 shows the residual from the total ozone regression analysis with a smoothed version of each time series shown by the solid lines. The three vertical dashed lines in the panels represent the dates of the eruptions of El Chichón and Pinatubo and the previously noted tropical upwelling changes in the year 2000 [e.g., Rosenlof and Reid, 2008; Randel et al., 2006] . The tropical residual total ozone time series clearly shows multiyear decreases following Pinatubo and the year 2000 and an overall positive trend. In the midlatitudes there is no significant trend in the residual time series and the variability associated with the volcanoes and year 2000 perturbations are weaker, particularly in the Southern Hemisphere (SH). In the Northern Hemisphere there is an ozone decrease following Pinatubo, and in both hemispheres there is an increase following the year 2000. We will show in the following section that the changes in midlatitude and tropical ozone following 2000 are consistent with an increased circulation in the lower stratosphere.
[21] A similar multiple regression analysis was performed on the Randel and Wu [2007] ozone profile data set with trends analyzed on the residual time series. The resulting trend profile in the tropics (not shown) has negative values peaking at −0.6%/decade in the lowest 5 km of the stratosphere and smaller positive values in the 5-10 km range above the tropopause. In the midlatitudes, the residual trends are 0.1%-0.2 %/decade in the lowest 5 km of the stratosphere and not significant above that. The rough shape of these profile trends will be used to compare to the TLP trend analysis.
TLP Model Simulations of Mean Age and Total Ozone
[22] The TLP model was used to simulate mean age and total ozone responses to photochemical, mean circulation and mixing perturbations caused by the eruptions of El Chichón and Pinatubo, the tropical sea surface temperature changes following the year 2000 and the possible long-term transport trends in the stratosphere. The volcano perturbation simulations were run primarily as a useful check that the TLP model can reproduce observed and previously modeled total ozone variability associated with the volcanoes with realistic inputs. The SST-related perturbations to the stratospheric circulation post-2000 clearly had an impact on the total ozone as seen in Figure 4 and thus provide another case to test the TLP model. We follow this analysis of the relatively short-term variability with analysis of the long-term trends in total ozone and mean age assumed to be due to mean circulation and mixing trends. The following sections describe each of the simulations in more detail.
Volcanic Perturbations
[23] The eruptions of El Chichón in 1982 and Mt. Pinatubo in 1991 injected large amounts of sulfur dioxide into the stratosphere and resulted in substantial impacts on total ozone for years following the eruptions. To simulate the impact of the aerosols on ozone and mean age with the TLP model, we used results of 2-D model calculations from Tie et al. [1994] and Rosenfield et al. [1997] of the perturbations in photochemical loss and mean vertical velocity due to the Pinatubo aerosol loading as a function of time, latitude, and altitude. The change in stratospheric aerosol loading caused a change in vertical velocity in response to local heating from absorption of both longwave and shortwave radiation [e.g., Tie et al., 1994] . Figure 5a shows the time series of photochemical loss and vertical velocity inputs to the TLP model as well as the total ozone response in the midlatitudes and tropics. Figure 5b shows the vertical distribution of the photochemical loss in the midlatitudes and vertical velocity perturbations 6 months following the Pinatubo eruption. The perturbations following El Chichón have the same distributions as for Pinatubo but with the magnitude reduced by a factor of 2. This was done to approximate the reduced amount of sulfur dioxide injected by El Chichón into the stratosphere compared to Pinatubo and the reduced impact of sulfate aerosols on ozone photochemical loss in the 1980s when there was less chlorine in the stratosphere compared to the early 1990s [e.g., Solomon et al., 1996] .
[24] From Figure 5a , we can see that the midlatitude total ozone loss from the TLP model peaks roughly 1.5-2 years following each eruption and is twice as large following Pinatubo compared to El Chichón. The light blue lines following Pinatubo represent chemical ozone loss from a nudged CCM run from Telford et al. [2009] . The magnitude and timing of the ozone loss from the TLP model agrees well with the CCM results. This is an important test for the transport in the TLP model since the tropical total ozone loss is almost entirely due to mixing of midlatitude air that has been depleted in ozone into the tropics where negligible chemical loss occurred. There are some differences in the shape of the tropical total ozone loss between the TLP and CCM, but the overall timing and magnitude of the peak loss and recovery is similar.
[25] To compare the total ozone perturbation following Pinatubo from the TLP model to that from the regression analysis described in section 4, the green line in Figure 4a shows the residual tropical total ozone time series with a regression that does not include volcanic aerosol, instead the TLP model Pinatubo perturbation from Figure 5a is removed. The green line after the year 2000 is due to the removal of SST-related variability and is described in the following section. Figure 4a shows that the TLP model tropical ozone perturbation following Pinatubo is significantly larger and longer lasting than that from the regression analysis with volcanic aerosol. There is still a slight decrease in tropical total ozone following Pinatubo even with the TLP model perturbation removed, but it is a significantly smaller decrease than the residual from the regression analysis. The reason for this discrepancy is not clear but may be due to the fact that the relationship between ozone and stratospheric aerosol is not described accurately by the linear regression. The midlatitude total ozone residual with the TLP model Pinatubo perturbation removed, rather than the regression including volcanic aerosol (not shown), is similar to that in the tropics in the NH, where the TLP model removes more of the decrease following Pinatubo than the regression. But for the SH, the TLP model perturbation adds a large increase in total ozone that is not present in the regression residual.
[26] The vertical velocity (w) perturbation shown by the orange lines in Figure 5 has only a small impact on the tropical total ozone within the first year following each eruption and no noticeable impact on the midlatitude total ozone. Tie et al. [1994] calculated the w perturbations from aerosol heating to peak a few months following Pinatubo with the largest increases of roughly 10% over the equator at 20 km altitude. The average perturbation over the tropics from 20°S to 20°N was certainly much smaller since the turnaround latitude where the w perturbation reversed sign was at roughly 20°. The w perturbations used in the TLP model volcano simulations maximize at a 2% increase. Larger increases were tried but they produced a very large negative peak in tropical total ozone within the first year following each volcano that is not seen in the observations (Figure 4) . Thus, the 2% w increase is likely an upper limit on the average tropical perturbation due to volcano aerosol heating. Note also that the mean age from the model is not shown in Figure 5a due to the negligible response in the midstratospheric mean age from the volcano-induced transport perturbations.
SST Related Perturbations Post-2000
[27] The tropical lower stratospheric vertical velocity in the year 2000 increased by 15%-20% over the previous 5-year average, and this increase was sustained for a period of at least 5-6 years [Rosenlof and Reid, 2008] . The cause of the increase is not fully understood but may have been connected to a region of warmer than average tropical Pacific sea surface temperatures as suggested by Rosenlof and Reid [2008] . This circulation change caused large decreases in stratospheric water vapor and tropical ozone [Solomon et al., 2010; Rosenlof and Reid, 2008; Randel et al., 2006] and changes in stratospheric tracer correlations (H. Boenisch et al., A hint for a changing stratospheric circulation pattern after 2000, submitted to Atmospheric Chemistry and Physics Discussions, 2010). The dramatic change in the lower stratospheric circulation provides another perturbation case to be simulated by the TLP model.
[28] Figure 6 shows the w perturbations used as input into the model and the ozone and mean age responses. The shape and magnitude of the perturbations as a function of time are indicated by the orange line in Figure 6a . The characteristics of these perturbations were guided by calculations of the TEM residual vertical velocity [Rosenlof and Reid, 2008] Figure 4a ). The w perturbations peaked at the tropopause and were confined to the lowest 5 km of the stratosphere (Figure 6b ). There were likely also changes in the mixing between the midlatitudes and tropics associated with the w perturbations but we do not show them here.
[29] The ozone and mean age responses in the TLP model have several interesting features. First, the tropical total ozone decreases as expected with a time variation roughly similar to that of the w perturbations ( Figure 6a ) and a peak magnitude of −1%. The profile of tropical ozone changes, shown in Figure 6b 5 years following the initiation of the circulation changes, has a peak ozone decrease a few kilometers above the tropopause and small decreases as high as 10 km above the tropopause. The shape of the tropical ozone changes is similar to that seen in satellite and ozonesonde observations [Randel et al., 2006] and the peak magnitude of −9% is on the same order as the SAGE II ozone anomaly, though smaller than individual ozonesonde anomalies of up to −30%. These differences in magnitude are expected since the model represents an average over 20°S-20°N. The tropical total ozone time series with the TLP ozone perturbations after the year 2000 removed is shown by the green line in Figure 4a . This shows that the SST-related circulation changes can account for most of the tropical total ozone decrease in the early 2000s.
[30] A second interesting feature that does not appear to match the observations is the midlatitude total ozone decrease of just over 0.5%. This is in contrast to the roughly 2% increase in both the Southern Hemisphere and Northern Hemisphere midlatitude TOMS/SBUV total ozone anomalies following the year 2000 (Figure 4b ). The decrease in midlatitude total ozone in the model is due to the increased horizontal advection of low ozone mixing ratios out of the tropics in the altitude range of the w perturbation with a peak decrease in ozone mixing ratios at the tropopause. The discrepancy between the modeled and observed midlatitude ozone anomalies may be due to details of the mean circulation in the midlatitudes that are not captured in the simple model. In particular, an increase in downward advection acting on the vertical gradient of ozone could overcome the horizontal advection of ozone from the tropics. In a TLP model simulation where the vertical diffusion was large (0.5 m 2 /s), the midlatitude total ozone perturbation was positive, in agreement with the observations, due to the increased vertical flux of high ozone into the lower stratosphere.
[31] Another interesting feature is the response of the midstratospheric (average from 15 to 25 km above the tropopause, roughly corresponding to the 30-5 hPa range) mean age of air to the w perturbations. Both the tropical and midlatitude mean age decrease by 1.5%-2.5% with larger decreases in the tropics. There is a delay of the mean age response of just over a year in the tropics and nearly 2 years in the midlatitudes, consistent with the time scale for the influence of the near tropopause vertical velocity perturbation to propagate to at least 15 km above the tropopause. Some amount of mean age decrease also persists for over 10 years following the end of the w perturbations. This clearly shows the time scale that the effects of the circulation anomalies remain in the stratosphere and is directly related to the length of the tail in the age distribution [e.g., Waugh and Hall, 2002] .
Long-Term Trends
[32] The long-term trends in mean age shown in Figure 3 and the "residual" total ozone shown in Figure 4 are assumed to be due to long-term changes in the stratospheric circulation and mixing. For total ozone, the residual trends in the tropics and midlatitudes are both small and positive, 0.16% ± 0.1%/decade in the tropics and 0.25% ± 0.23%/ decade and 0.06% ± 0.28%/decade in the northern and southern midlatitudes, respectively, as shown in Table 1 . There is clearly still short-term variability left over in each of the residual total ozone time series that has not been removed by the multiple linear regression. But we focus here on the long-term variability of the time series and the circulation changes that may have caused them.
[33] To guide the TLP model long-term trend simulations, we use trends in the residual vertical velocity and horizontal mixing, as represented by the effective diffusivity, estimated from three different reanalyses. The residual vertical velocity was calculated using the TEM definition of w* [Andrews et al., 1987] and a tropical linear trend was computed for the 20°S-20°N average for the JRA-25 and ERA-40 data sets. A residual vertical velocity was not calculated for NCEP since no vertical velocity above 100 hPa is provided with this data set. As mentioned earlier, the stratospheric mean circulations in the reanalysis data sets do not necessarily accurately represent the actual mean circulation. Thus, trends in the reanalysis circulations may not accurately represent actual trends. However, these are the best available data sets for this type of analysis, and we use the trends as examples of what may have occurred.
[34] As shown in Figure 7 , both the JRA-25 (solid blue line) and the ERA-40 (dashed blue line) tropical upwelling trends are positive in the lower stratosphere and then become negative from the middle stratosphere into the lower mesosphere. The ERA-40 trend is substantially more positive in the lower stratosphere and the region of positive trends extends higher into the middle stratosphere compared to JRA-25. The vertical structure of the trends is interesting because the positive trend in the lower stratosphere is consistent with other observational analysis suggesting a strengthened circulation as mentioned in the introduction, but the negative trend in the middle and upper stratosphere is consistent with what would be expected to allow for the observed positive trend in midlatitude mean age to be possible. A similar vertical structure in changes in tropical upwelling covering a shorter period were noted in a study by Rosenlof [2002] based on a radiative calculation of the residual circulation using observed temperature and ozone fields. Also included in Figure 7 is the average tropical residual vertical velocity trend profile from seven different CCMVal-2 models (blue dash-dot-dotted line). The CCMVal-2 trend profile has a similar shape to those from the reanalysis data sets but is more strongly positive throughout the lower and middle stratosphere. It should be mentioned that the ERA-40 residual circulation is known to produce unrealistically small mean ages throughout the stratosphere as shown by Monge-Sanz et al. [2007] and most CCMs have also had difficulty simulating observed mean ages [e.g., Eyring et al., 2006] . This deficiency in simulating mean age may also be due to errors in mixing, both horizontal and vertical, in the CCMs [e.g., Hall et al., 1999] . We are not aware of any study analyzing mean age of air from the JRA-25 residual circulation. Nevertheless, the trends in the residual vertical velocities from the reanalysis and CCMVal-2 data sets span a range of possibilities that can be investigated in the TLP model.
[35] The trend in the tropical midlatitude mixing time scale t is more difficult to estimate than the vertical velocity trend because there is no direct means of calculating t from reanalysis output. We chose to use the effective diffusivity calculated on isentropic surfaces as a diagnostic of horizontal mixing [e.g., Haynes and Shuckburgh, 2000] . The edge of the tropical pipe varies as a function of pressure, typically from 20°to 35°latitude. So to encompass mixing across the pipe edge at all levels in the TLP model we averaged the effective diffusivity from 10°to 40°in both hemispheres. We make the assumption that changes in this subtropical average effective diffusivity correspond with changes in the mixing time scale t. As a sensitivity test, we calculated average effective diffusivity for different subtropical latitude ranges as well as latitude ranges around the time-dependent turnaround latitude in each hemisphere where the TEM residual vertical velocity changes sign (not shown). Averaging around the time-dependent turnaround latitude would account for any trend in the width of the tropical pipe that may affect the trend calculated over a fixed latitude range. There were some small differences in the magnitude of the effective diffusivity trends but the pattern was generally the same among all of the averaging ranges.
[36] The effective diffusivity was calculated on isentropic surfaces from the tropopause up to 700 K, which corresponds to roughly 15 hPa. The reanalyses fields on isentropic surfaces used for the effective diffusivity calculation were obtained from the National Center for Atmospheric Research mass storage system; the vertical resolution varied from 20 to 50 K depending on the isentropic surface and the reanalysis. The profile of the subtropical average effective diffusivity trends in %/decade are shown by the green lines in Figure 7 . There is general agreement among the three reanalyses showing a large positive trend in the mixing in the stratosphere. Each of the trend profiles peaks at a slightly different The observed trends of total ozone are the "residual" trends as shown in Figure 4 , which are the best estimate of ozone trends due to long-term stratospheric circulation changes. Figure 7 . Profiles of tropical vertical velocity and subtropical effective diffusivity trends calculated from the several reanalysis data sets and CCMVal-2 output. The solid lines represent JRA-25 trends, the dashed lines represent ERA-40, the dash-dot-dotted line represents CCMVal-2, and the dotted line represents NCEP. The effective diffusivity trends were calculated from the time series of average effective diffusivity in the 10°-40°latitude range in both Southern Hemisphere and Northern Hemisphere. The light blue shading is the one standard deviation spread of the CCMVal-2 upwelling trends for the nine models included in this study.
level and with a different magnitude, but all have a double peak structure with one maximum in the lower stratosphere and indications of a secondary maximum in the middle stratosphere, although we cannot resolve the details of the higher peak. The substantial increase in mixing in the subtropical lower stratosphere is likely related to the strengthened circulation in this region due to the connection between wave breaking, which causes horizontal mixing, and the stratospheric mean meridional circulation below the level of breaking. It is not necessarily expected that the mixing and vertical velocity trends would cover the same altitude range since the downward control concept suggests that only momentum deposition due to wave breaking above a given pressure level will contribute to the vertical velocity at that level [Haynes et al., 1991] . However, as shown by KerrMunslow and Norton [2006] , most of the mean vertical velocity variability near the tropical tropopause is driven by wave breaking in a narrow vertical region of the lower stratosphere. The nearly coincident vertical region of subtropical mixing and tropical vertical velocity trends from the JRA-25 data seems to be consistent with Kerr-Munslow and Norton [2006] and indicates that an increase in wave breaking in the lower tropical and subtropical stratosphere has been important in driving the strengthening of the lower stratospheric transport circulation.
[37] A number of TLP model simulations were performed with different w and t trends to investigate the range and sensitivity of total ozone and mean age responses. The values of the mean age and total ozone trends from each of the simulations are shown in Figures 8-10 and also in Table 1 to compare to the observed trends. The trends of mean age produced by the TLP model shown in Table 1 were calculated over the 20-30 year period following the initiation of the perturbations, since there is a lag in the response of the mean age to the circulation perturbations. Thus, although the input w and t perturbations are linear, the mean age response only approaches a linear shape after roughly 15-20 years at which Figure 8 . Mean age and ozone trends from the TLP model for three different scenarios of vertical velocity and mixing trends based on the JRA trends shown in Figure 7 . The right column (Figures 8b, 8d, and 8f) shows profiles of the tropical vertical velocity (orange line) and mixing (green dashed line) trends input into the model as well as the model output ozone trends in the tropics (blue solid line) and midlatitudes (blue dashed line) and the midlatitude mean age trend (red dashed line). The average 35°N-60°N mean age trend profile from the CCMVal-2 models is shown by the red dotted line in Figure 8f . The left column (Figures 8a, 8c , and 8e) shows time series of the model output total ozone (blue lines) and midlatitude mean age averaged over altitudes 15-25 km above the tropopause (red lines). Solid lines represent the tropics and dashed lines the midlatitudes. Year zero is when the vertical velocity and mixing trends were initiated in the model. The model linear trends for total ozone and 15-25 km mean age for both the tropics and midlatitudes in %/decade are shown for each scenario. The trends shown were calculated in the 20-30 year period following initiation of the vertical velocity and mixing perturbations. Figure 9 . Mean age and ozone trends from the TLP model for two different scenarios of mixing time scale (t) trends based on the JRA-25 and NCEP trends shown in Figure 7 . All of the details of the plots are the same as in Figure 8 . point the effects of the circulation perturbations have had time to translate throughout the stratosphere and mesosphere and the mean age response begins to approach equilibrium. This, of course, points out a difficulty in interpreting observed mean age variability given what is observed at one particular time is a result of the integrated effect of the variations in mean circulation and mixing over the previous 10-15 years. One consequence of this is that the circulation changes that caused the nearly 30 year observed trend of mean age began a number of years before the first observation was made.
[38] The simulations shown in Figure 8 used smoothed versions of the w trend profiles of JRA-25 (Figures 8a and  8b) , ERA-40 (Figures 8c and 8d) , and CCMVal-2 (Figures 8e  and 8f ) as input to the TLP model with no mixing trend. It is clear from Figure 8 that these three w trends have very different impacts on the tropical total ozone and mean age trends. The time series in Figures 8a, 8c , and 8e are the TLP values of total ozone (blue lines) and mean age averaged over 15-25 km above the tropopause (red lines) in the years following the initiation of the perturbation trends in w (year 0). The midlatitude mean age trend from the JRA-25 simulation is smaller than the mean observed trend, although it lies within the uncertainty of the observed trend (Figure 8a ). That is in contrast to the midlatitude mean age trends from the ERA-40 and CCMVal-2 simulations that are both negative (Figures 8c and 8e) . The increased upwelling in the tropical lower stratosphere in each of the simulations causes a decrease in both tropical ozone mixing ratios and midlatitude mean age in the lower stratosphere. But in the JRA-25 simulation, the decreased upwelling in the tropical midstratosphere and upper stratosphere caused an increase in tropical ozone from roughly 8 to 15 km above the tropopause, above which the chemical time scale of ozone production and loss is too short to be influenced directly by the mean circulation that offsets the lower stratospheric ozone decrease to result in no change in tropical total ozone. The region of decreased tropical upwelling in JRA-25 also resulted in a positive trend in midlatitude mean age above roughly 12 km above the tropopause, which results in the positive mean age trend in Figure 8a .
[39] In the ERA-40 simulation, the altitude of decreased upwelling is higher than that in JRA-25, and although this causes the midlatitude mean age trend to become smaller in the upper stratosphere, it is still negative (Figure 8d ). The tropical ozone in the ERA-40 simulation is decreased significantly in the lower stratosphere in response to the increased upwelling, and this causes the negative trend seen in Figure 8c . The CCMVal-2 simulation has the greatest tropical upwelling trend and consequently the largest negative midlatitude mean age and tropical total ozone trends (Figure 8e ). Also included in Figure 8f is the 35°N-60°N average mean age trend profile from the CCMVal-2 model REF-B1 runs (dotted red line). Note that the CCMVal-2 mean age trends are more negative at all levels than those from the TLP simulation. Of course, the CCMVal-2 trends included trends in mixing between the midlatitudes and tropics that were not included in this TLP simulation. We will come back to the implications of this discrepancy later in this section.
[40] The midlatitude total ozone trends are small in all of the simulations, roughly in agreement with the observations. In the ERA-40 and CCMVal-2 simulations, the midlatitude ozone increases slightly in the lower stratosphere due to greater downward vertical advection of high-ozone mixing ratios that overcomes the greater horizontal advection of low ozone out from the tropics. The tropical ozone trend profile from the JRA-25 simulation is most similar in shape and magnitude to the residual tropical ozone trend profile from the Randel and Wu [2007] data set. The ERA-40 and CCMVal-2 simulations have much larger negative trend values in the lower stratosphere and no region of positive trends above 5 km above the tropopause.
[41] In the second set of simulations shown in Figure 9 trends in the mixing time scale t based on the JRA-25 and NCEP effective diffusivity trend profiles in Figure 7 were used as input to the TLP model with no trend in w. The ERA-40 case is not shown, since the results are very similar to those from JRA-25. Positive trends in effective diffusivity are represented as negative trends in the mixing time scale t, since this is consistent with an increase in mixing between the midlatitudes and tropics. The increased mixing in the lower and midstratosphere in both simulations causes positive trends in midlatitude mean age throughout the stratosphere and tropical ozone in the lower stratosphere. The values of the midlatitude mean age trend of 1.6% and 4.9%/decade Figure 10 . Mean age and ozone trends from the TLP model for two different scenarios of mixing time scale (t) trends, both use the same vertical velocity trends based on the CCMVal-2 models. All of the details of the plots are the same as in Figure 8 . The t trend profile used in Figures 10a and 10b is an attempt to match the TLP mean age trend with the average Northern Hemisphere midlatitude trend from the CCMVal-2 models shown by the dotted red line. The t trend profile used in Figures 10c and 10d is similar in shape and magnitude to the trends in the reanalysis data sets. This run shows that increased mixing in the lower stratosphere can offset an increased mean circulation to cause a positive trend in mean age in the midstratosphere.
( Figures 9a and 9c) are both within the uncertainty of the observed mean age trend and are significantly larger than the positive mean age trend from JRA-25 w changes alone. This clearly demonstrates the importance of trends in mixing between the midlatitudes and tropics in accurately simulating the mean age trends. The tropical total ozone trends are roughly equal to those observed in the JRA-25 mixing case And somewhat larger than observed in the NCEP mixing case. Midlatitude total ozone trends are again quite small as in the simulations with only w trends. The tropical ozone trends in the lower stratosphere are of the opposite sign as those from the Randel and Wu [2007] residual ozone trend profiles, and this along with the too large tropical total ozone trends in the NCEP case may suggest an upper limit on the mixing trend.
[42] When trends in both w and t are used as inputs to the TLP model (not shown), the mean age and total ozone trends are roughly the same as adding together the trends from the individual w and t simulations shown in Figures 9 and 10 and Table 1 . Thus, for the JRA-25 w and t trend case, the tropical total ozone trend is 0.15%/decade and the midlatitude mean age trend is 2.6%/decade. Both the total ozone and mean age trends are well within the uncertainty of the observed trends. For the ERA-40 case the tropical total ozone trend is −0.15%/ decade and the midlatitude mean age trend is 1.4%/year. This tropical ozone trend is of the opposite sign to that observed and the mean age trend is within the observed trend uncertainty. Since we do not have a w trend for NCEP, if we assume an ERA-40 w trend along with the NCEP t trend then the tropical total ozone (0.2%/decade) and the midlatitude mean age (4.7%/decade) trends are very close to the observed trends. This last case matches the observed total ozone and mean age trends best of the three cases considered here. However, if we also consider the Randel and Wu [2007] tropical ozone profile trends, the NCEP mixing trends appear to produce too large positive tropical lower stratospheric ozone trends. With consideration of the tropical ozone profile trends, the JRA-25 case is the closest match to all of the observed trends. In general, it appears that a small strengthening of the mean circulation in the lower stratosphere and a moderate weakening of the mean circulation in the middle and upper stratosphere, combined with a moderate increase in horizontal mixing into the tropics over the last three decades gives the best quantitative match to the observed mean age and ozone trends.
[43] To investigate the CCMVal-2 trends further, we performed two TLP model simulations with the CCMVal-2 w trend profile and two different idealized t trend profiles. In the first case (Figures 10a and 10b) we used a t trend profile that gave the best match between the TLP midlatitude mean age trend profile and the 35°N-60°N average mean age trend from the CCMVal-2 models (red dotted line in Figure 10b ). As shown in Figure 8f , without a mixing trend, the average midlatitude mean age trend from the CCMVal-2 models was more negative at all levels than that from the TLP model simulation using only the CCMVal-2 w trend as input. To make the TLP model mean age trend more negative, we included a t trend profile that was positive throughout most of the lower stratosphere to produce less mixing between the tropics and midlatitudes. Less mixing of air between the midlatitudes and tropics means less recirculation of air through the tropical pipe and smaller midlatitude mean ages. The agreement between the mean age trend profiles is good above 8 km, but the TLP model mean age trend is still smaller in the 2-10 km range. It should be noted that the tropical total ozone trend in this case of −0.8%/decade is of opposite sign to the observed "residual" tropical total ozone trend. It is even significantly more negative than the unaltered TOMS/SBUV tropical total ozone trend of −0.17%/decade that is obtained without removing any of the known variability described earlier in this paper.
[44] In the second TLP simulation with CCMVal-2 w trends, we used a t trend profile roughly similar in magnitude to that from NCEP (Figures 10c and 10d) . The purpose of this case is to demonstrate that an increase in mixing can overcome an increase in the mean circulation to produce positive midlatitude mean age trends in the middle and upper stratosphere. Figure 10d shows that the midlatitude mean age trend in this case is negative in the lowest 3 km of the stratosphere but becomes positive at all higher levels. The tropical total ozone trend is still of the opposite sign to that observed but the midlatitude total ozone and mean age trends for this case are both of the same sign as those observed and within the observed uncertainty. This clearly shows the importance of mixing into the tropics and the recirculation of air parcels in the stratosphere in the accurate simulation of mean age, ozone, and likely most other trace gases as well.
[45] In a general sense, we can demonstrate the sensitivity of mean age and total ozone trends to the altitude of mixing trends in the TLP model by performing multiple simulations, each with a 10% decrease in t peaked at a single altitude. Figure 11 shows the results where the value plotted at each altitude is the trend in either total ozone (blue lines) or mean age averaged from 15 to 25 km above the tropopause (red lines) due to a 10% increase in mixing at that altitude. This plot shows that the middle and upper stratospheric mean age is most sensitive to mixing between the midlatitudes and tropics in the 2-7 km range above the tropopause. This sen- Figure 11 . Sensitivity of mean age and total ozone in the TLP model to the altitude of the mixing trend. The value plotted at each level is the total ozone (blue lines) or mean age averaged from 15 to 25 km above the tropopause (red lines) trend due to a 10%/decade decrease in the mixing time scale t at that level.
sitivity to mixing decreases with height up to 25 km above the tropopause. The total ozone is primarily sensitive to mixing in the lowest 10-12 km of the stratosphere.
Discussion
[46] What do these results mean as far as CCMs are concerned? It is clear that there is a significant discrepancy between the stratospheric circulation changes simulated by most current CCMs and the changes described in this study that are consistent with the observed mean age of air and total ozone. Only a few studies have analyzed the details, beyond simply an increase in stratospheric wave drag, of what causes the CCMs to produce a strengthening stratospheric circulation. One recent study to do so is of McLandress and Shepherd [2009] , which analyzed the changes in wave activity in the Canadian Middle Atmosphere Model (CMAM), one of the models that participated in CCMVal-2. They found that 60% of the long-term trend in upward mass flux in the tropical lower stratosphere was due to resolved waves and 40% to parameterized orographic gravity waves. And of the resolved wave trend, 60% was due to planetary waves and 40% to synoptic waves, with most of the synoptic wave contribution occurring in the winter. There was some change in the wave propagation in the stratosphere due to changes in the strength of the subtropical jets, but this was not thought to contribute substantially to the circulation trends. Thus, their conclusion was that trends in waves of all scales, planetary, synoptic, and gravity waves are important in contributing to the stratospheric circulation trends. In another study, tropical upwelling trends in the Whole Atmosphere Community Climate Model 3 (WACCM3) [Garcia and Randel, 2008] were found to be due to changes in the propagation and location of wave dissipation. The WACCM3 analysis only divided the wave driving into that due to resolved and parameterized waves, but they found little change in the generation of either type of wave activity. These results are not necessarily in opposition to those from McLandress and Shepherd [2009] , since each study used different latitudinal averages to diagnose upwelling trends. Also, interestingly, the strengthened circulation in WACCM3 in the lowest part of the stratosphere was mostly due to resolved waves, while the strengthened circulation in the middle and upper stratosphere was entirely due to parameterized gravity waves. In a study of all of the CCMs that took part in CCMVal, Butchart et al. [2010] found that an increase in subtropical jet wind speeds and subsequent increase in the altitude at which both resolved waves and parameterized orographic gravity waves break that was a robust result in all of the CCMs. This change in the altitude of wave momentum deposition caused a speed up of the Brewer-Dobson circulation and correlated decrease in mean age throughout the depth of the stratosphere.
[47] Any changes in wave propagation and breaking in the CCMs will also cause changes in the mixing between the midlatitudes and tropics. As shown by Eyring et al. [2006] , most CCMs have difficulty simulating the correct phase and amplitude of the tropical tape recorder signal in water vapor. The tape recorder signal is greatly affected by mixing into the tropics, and so this indicates that this type of mixing is a large uncertainty in CCMs. Thus, it may be difficult for CCMs to accurately simulate trends in mixing that have been shown here to be important in accurately determining trends in mean age.
[48] From the few studies of trends in CCM wave activity, it is apparent that the strengthening of the stratospheric circulation in response to past and future greenhouse gas changes is a robust result among all models and that both resolved and parameterized waves are important in producing the stratospheric circulation trend. This means that nearly every tropospheric process that produces waves that propagate into the stratosphere is involved, as well as changes in the upper tropospheric and stratospheric zonal mean temperature and wind speed distributions that affect where the waves propagate and dissipate. This change in the characteristics of the wave breaking in the CCMs apparently does not have a significant effect on the amount of mixing between the midlatitudes and tropics since the negative correlation between mean circulation strength and mean age is maintained [e.g., Butchart et al., 2010] . We demonstrate with the TLP model that any increase in mixing from the midlatitudes into the tropics will offset the mean age decreases from a stronger mean circulation either partially or completely, thus decreasing or changing the sign of the correlation between the mean circulation strength and mean age.
Summary
[49] In this study, we have used a simple model of the stratosphere, the TLP model, to show possible mean circulation and horizontal mixing variability that can explain the observed variability in both stratospheric mean age and "residual" total ozone over the last three decades. The TLP model was shown to be effective at simulating ozone variability following volcanoes and the lower stratospheric circulation increase in the early 2000s. The volcanic perturbations to the circulation and photochemistry of the stratosphere produce large decreases in lower stratospheric and total ozone in the TLP model in agreement with recent CCM simulations [Telford et al., 2009] . The volcanic perturbations produced no significant change in the mean age in the TLP model due to the small and short (several months) increase in tropical upwelling following each eruption. The large increase in tropical upwelling in the early 2000s caused large changes in both ozone and mean age. Tropical total ozone decreased by nearly 1% in the TLP model in the early 2000s, while midlatitude ozone decreased by roughly 0.5%. The timing and magnitude of the tropical ozone changes are similar to those seen in the TOMS/SBUV total ozone time series. Mean age in both the tropical and midlatitude middle stratosphere was shown to decrease by 1%-2% during the period of tropical upwelling increase in the TLP model, with smaller but still significant mean age decreases persisting for more than 10 years after the end of the upwelling perturbation. This demonstrates the persistence of transient perturbations to the stratospheric circulation.
[50] Using reanalyses trends in TEM residual vertical velocities and subtropical mixing as a guide, the TLP model was able to quantitatively reproduce the observed trends in mean age and total ozone since the late 1970s within uncertainties. The best match in the TLP model to the observed mean age and ozone trends resulted from a small strengthening of the mean circulation in the lower stratosphere and a moderate weakening of the mean circulation in the middle and upper stratosphere, combined with a moderate increase in horizontal mixing into the tropics. The magnitude of the changes in the mean circulation is uncertain since there is a large uncertainty in how much the mixing into the tropical pipe has changed. We show that it is the changes in the horizontal mixing into the tropics that are most important in quantitatively reproducing the observed trends, in particular, that of mean age in the middle and upper midlatitude stratosphere. A large positive trend in mixing, as suggested by a positive trend in subtropical effective diffusivity in the lower stratosphere in all of the reanalyses considered here, increased both the mean age and tropical total ozone trends substantially. Without the trend in lower stratospheric mixing, the TLP model could not quantitatively match the observed midlatitude mean age trend.
[51] We also used as input to the TLP model the average vertical profile of trends in the mean circulation produced by CCM simulations of the recent climate based on the CCMVal-2 activity. These CCM simulations produce a mean circulation that has strengthened substantially in the lower and middle stratosphere and changed little or slightly weakened in the upper stratosphere depending on the model. The differences in the mean age and tropical total ozone trends from the TLP model using the reanalyses versus CCMVal-2 circulation trend profile as input are substantial, with the CCMVal-2 based trends of opposite sign to those from JRA-25 as well as from the observations. Using the CCMVal-2 mean circulation trends as input, it was also necessary to introduce a trend of decreased mixing in the lower stratosphere, opposite to that suggested by the reanalyses, to most closely match the TLP midlatitude mean age trend to that calculated from the average 35°N-60°N mean ages from the CCMs.
[52] Of course, the TLP model is highly simplified, and so we do not expect a quantitative match between the simulated and observed variability in mean age and total ozone. In particular, the TLP model does not represent the polar regions, which are most likely to affect the midlatitude ozone and mean age. Also, with regard to the observations used in this study, there are clearly significant uncertainties associated with the trends in midlatitude mean age and the "residual" total ozone. The uncertainties in the mean age trend come from both the measurements themselves and the technique used to calculate the mean age as described in section 2. For total ozone, the calculation of "residual" trends involves the removal of variability due to a variety of cycles and trends that are not perfectly known. However, even with the limitations of the TLP model and the observations, the general results described above should be robust. That is, the relationship between the mean age and total ozone responses to circulation and mixing changes, the suggestion of a recent slowing trend of the mean circulation in the middle and upper stratosphere and an increase in mixing between the midlatitudes and tropics in the lower stratosphere, and the importance of mixing in the lower stratosphere to the quantification of mean age changes.
[53] The stratospheric mean age of air data set produced by Engel et al. [2009] , even with the large uncertainties associated with it, is the best available observationally based indicator of stratospheric circulation changes over the last three decades. There are other stratospheric observational data sets that span this time period, including radiosondes [e.g., Randel et al., 2009] , frost point water vapor balloon measurements from Boulder [Scherer et al., 2008] , microwave sounding unit and stratospheric sounding unit temperatures (e.g., P. J. Young et al., Changes in stratospheric temperatures and their implications for changes in the BrewerDobson circulation. 1979-2005, submitted to Journal of Climate, 2010), and the TOMS/SBUV total ozone data set used in this study, which are all important to consider when investigating stratospheric circulation changes. But only the mean age data set is entirely determined by the stratospheric mean meridional circulation and mixing between the midlatitudes and tropics. Hopefully, more long-term observations that tell us about the stratospheric circulation will become available in the coming years. Until then, we need to more fully understand the limited number of observational data sets that tell us about the past three decades of stratospheric circulation and mixing changes. This further understanding is necessary so we can be more confident in the predictions of future changes.
